children as a health issue has been reported by numerous researchers and fully illustrates the importance of Soil ingestion by children is an important pathway in assessing this pathway in terms of subsequent chemical exposure public health risks associated with exposure to arsenic-contaminated soils. Soil chemical methods are available to extract various pools of (Calabrese et al., 1989; Davis et al., 1990 The bioavailability of metals, especially lead and arse-(extracted by phosphate or acetate) and surficially adsorbed ϩ nonsur-
cessfully as a model for gastrointestinal function of children (Miller and Ullrey, 1987; Weis and LaVelle, 1991) . To overcome the difficulties and expenses associated A rsenic is a naturally occurring element typically with the conduct of animal dosing trials to assess biofound in soil at background concentrations ranging availability of metals in soils, research efforts have been from 0.1 to 40 mg kg Ϫ1 (Bowen, 1979) . Arsenic contamidirected toward the development of chemical methods. nation of soil may result from mining, milling, and Rodriguez et al. (1999) and Ruby et al. (1996) evaluated smelting of copper, lead, and zinc sulfide ores; coal fly the effectiveness of using chemical extracts that simulate ash; and agricultural use of arsenical pesticides (Adrithe gastrointestinal environment as a means of quantifyano, 2001). Arsenic has been found at high levels (10 ing bioavailable metals with respect to the soil ingestion 000-20 000 mg kg Ϫ1 ) in some contaminated areas that pathway. Methods to simulate the gastrointestinal enviresults in unacceptable levels of risk to human health ronment, in vitro methods, have been recently reviewed from the incidental ingestion of soil (Davis et al., 2001) . (Basta et al., 2001a; Ruby et al., 1999) . Another apChronic exposure to arsenic may result in skin and interproach to evaluate solubility and availability of chemical nal organ cancers, impaired nerve function, kidney and elements in soils involves the use of selective chemical liver damage, or skin lesions (Agency for Toxic Subextractants. Selective extractants have been historically stances and Disease Registry, 1991) .
used to evaluate plant nutrients in soil. Work performed Incidental soil ingestion by children is an important as early as the 1930s by soil scientists (e.g., Bray, Hester, exposure pathway in assessing public health risks associMorgan, Spurway, Truog) has demonstrated the need ated with exposure to arsenic-contaminated soils (Dudka to measure "labile" pools rather than total content of and Miller, 1999) . The importance of soil ingestion by nutrients to evaluate conditions for optimum plant growth (Peck and Soltanpour, 1990 1986; Hickey and Kittrick, 1984; Ma and Rao, 1997) .
are presented in Table 2 .
Both heavy metal solubility and bioavailability decrease
Approximately 20 kg of each study material was collected, with each successive step of the sequential extraction.
air-dried under ambient conditions, and sieved to collect the Because arsenic is chemically similar to phosphorus, particle size fraction Ͻ 250 m. This fraction has been deterit has been evaluated by using chemical extractants demined to be the size that adheres to fingers and is thus available veloped to measure the various pools of phosphate.
for incidental ingestion. Study materials were thoroughly hoResearchers have used this approach to specifically look mogenized and mixed before use and stored in secured, airtight containers.
at various pools of arsenic in soils (Gruebel et al., 1988; Johnson and Barnard, 1979; McLaren et al., 1998) . A two-step sequential extraction method has been used Immature Swine Dosing Trial (Chao and Zhou, 1983; Shuman, 1982) to determine Standard operating procedures developed by Dr. Stan Casarsenic associated with amorphous iron oxides, mangateel at the University of Missouri-Columbia Veterinary Medinese oxides, and/or organic matter in wastes, but an cal Diagnostic Laboratory, approved by the USEPA Region inherent problem associated with this method is the 8 (Casteel, 1995) , were used in the immature swine trials.
readsorption of arsenic to soil residue after dissolution Intact male swine weighing 10 to 12 kg were randomly assigned of iron oxides (Gruebel et al., 1988) . Amacher and Ko- period, the swine were exposed to soil and treatment doses.
to 0% (Jackson and Miller, 2000) . The ability of soil Swine were dosed with 6.25 mg of soil per kg body weight chemical extraction methods to measure arsenic phytoper day with one-half of the dose administered 2 h before availability has been reviewed recently by Adriano feeding in the morning and the remaining half given 2 h before (2001) . However, the ability of soil extraction methods the afternoon feeding. Soil doses were placed in the center to assess arsenic bioavailability to humans via the soil of a 5-g portion of moistened low-arsenic and low-lead diet ingestion pathway has not been reported. 
MATERIALS AND METHODS
overnight carrier under chain-of-custody procedures to Oklahoma State University for arsenic analysis. Following an addi-
Study Soils and Waste Materials
tional filtering through 0.45-m filters, arsenic analysis was performed by a Thermo Jarrell Ash IRIS high resolution inTwo matrices were collected for this study from a mining ductively coupled plasma (ICP) with hydride generation (HG) and smelter site in the western USA where wastes were depos-(Thermo Elemental, Franklin, MA). Arsenic was determined ited between 20 and 50 yr ago. These aged and weathered wastes include a calcine material (which is a waste product at an analytical wavelength of 189.042 nm. Spectral scans and other quality control procedures showed this wavelength was of time after 5 d of exposure during dosing trials. In most animals, including pigs, absorbed arsenic is excreted primarily free of spectral interferences commonly observed on ICP instruments with poorer resolution (i.e., Fe, Al, and Ca interin urine. Thus, the urinary excretion fraction (UEF), defined as the amount excreted in the urine divided by the amount ferences).
Urine samples were analyzed consistent with standard opdosed, is a reasonable approximation of the oral absorption fraction, or ABA. However, this ratio will underestimate total erating procedures developed by Dr. Stan Casteel at the University of Missouri-Columbia Veterinary Medical Diagnostic absorption because some absorbed arsenic is excreted in the feces via the bile and some enters tissue compartments (e.g., Laboratory, approved by USEPA Region 8, for analysis of arsenic in urine collected from immature swine dosing trials.
liver, kidney, skin, hair, etc.) from which it is cleared very slowly or not at all. Thus, the urinary excretion fraction is not Urine samples were prepared for analysis as follows. Urine (25 mL) was transferred to an acid-washed, 100-mL beaker.
equated with the ABA. The UEF can be used, however, to compute the RBA as follows: Methanol (3.0 mL), five drops of antifoam agent, 10.0 mL of 40% (w/v) magnesium nitrate hexahydrate, and 10.0 mL of RBA (of soils As vs. reference As) ϭ concentrated trace metal-grade nitric acid were added to the urine sample. The beaker was covered with a watch glass and [UEF (study soil)]/[(UEF (reference material)] placed on a hot plate to reflux for 8 to 12 h at 70 to 80ЊC.
All in vivo bioavailabilities of arsenic in this study are reSubsequently, the temperature was increased to 200ЊC after ported as arsenic relative bioavailability. removal of the watch glass to allow faster evaporation and heated to complete dryness (8-12 h). After cooling, dried
Chemical Fractionation Procedures
samples in beakers were transferred to a cool muffle furnace and ignited according to the following temperature program:
Soils were extracted by five soil chemical extraction methramp to 500ЊC at 1ЊC/min, then held at 500ЊC for 3 h, turned off, ods. The various extracting solutions and conditions for each and allowed to cool. Deionized water (5 mL) and concentrated method are described below. All samples were extracted in trace metal-grade hydrochloric acid (5 mL) was added to the triplicate and included appropriate reagent blanks and spikes. ignited residue and heated until the residue dissolved. The sample digest was diluted with deionized water to 50 mL.
Deionized Water Extraction (Huang and Fujii, 1996) Samples were mixed with a solution of 10% HCl, 10% KI, Soil (1 g of Ͻ250 m) was placed into a 50-mL polycarboand 5% ascorbic acid for at least 16 h before analysis of arsenic nate centrifuge tube and mixed with 20 mL of deionized water. by ICP-HG. Hydride generation was achieved by automated
The tube was sealed using a neoprene stopper and placed in mixing of 2.2 mL min Ϫ1 1% NaBH 4 in 0.1 M NaOH solution a horizontal position on a reciprocal laboratory shaker. The with treated sample solutions delivered at a flow rate of tubes were shaken for 1 h and then centrifuged at 8000 rpm 2.2 mL min Ϫ1 . for 5 min. The supernatants were filtered through a 0.45-m Quality control of urine analyses included the use of Namembrane filter, and the filtrate was acidified to pH Ͻ 2 with tional Institute of Science and Technology (NIST) Standard concentrated HCl for preservation before arsenic analysis. Reference Material (SRM) 2670, Toxic Metals in FreezeArsenic analysis was performed by ICP-HG. To prepare the Dried Urine. This standard was included in each group of filtered soil extracts for ICP-HG analysis, a 10.0-mL aliquot urine samples during urine dry ashing and wet digestion before of soil extract was placed into a test tube and mixed with ICP analysis. Ten replicate analyses of SRM 2670 showed our 3.3 mL concentrated HCl and 4.0 mL of a solution containing procedures measured 102.9 to 107.5% with a mean of 103.8% 10% potassium iodide and 1% ascorbic acid. After a reaction of the certified arsenic concentration. Analytical procedures period of at least 1 h, arsenic was determined by ICP-HG as were very precise with a coefficient of variation of 1.23% for described previously under urine analysis used for in vivo the above analyses. determination of bioavailable arsenic.
In Vivo Arsenic Bioavailability Calculations Sodium Acetate Extraction (Tessier et al., 1979)
The amount of arsenic absorbed through the gastrointestiSoil (1 g of Ͻ250 m) was placed into a 50-mL polycarbonal tract (bioavailable arsenic) may be described in absolute nate centrifuge tube and mixed with 20 mL of 1.0 M sodium or relative terms. Absolute bioavailability (ABA) is the ratio acetate solution adjusted to pH 5.0. The tube was sealed using of the amount of arsenic absorbed compared with the amount a neoprene stopper and placed in a horizontal position on a ingested, as in the following equation: reciprocal laboratory shaker. The tubes were shaken for 1 h and then centrifuged at 8000 rpm for 5 min. The supernatants ABA ϭ absorbed dose/ingested dose were filtered through a 0.45-m membrane filter and acidified Relative bioavailability (RBA) is the ratio of the absolute to pH Ͻ 2 with concentrated HCl. Arsenic analysis was perbioavailability of arsenic present in test material (study soil)
formed by ICP-HG as previously described. compared with the absolute bioavailability of arsenic in an appropriate (e.g., high solubility in water) reference material, Phosphate Extraction (Yamamoto, 1975) as in the following equation:
Soil (1 g of Ͻ250 m) was placed into a 50-mL polycarbo- [ABA (reference material)] (Yamamoto, 1975) . The tube was sealed using a neoprene stopper and placed in a horizontal position on a reciprocal In our study, we selected the Na 2 AsO 4 ·7H 2 O reference material as the control because it is a readily soluble form of arsenic laboratory shaker. The tubes were shaken for 8 h and then centrifuged at 8000 rpm for 5 min. The supernatants were that is easily absorbed and because the majority of arsenic in our contaminated soils and solid media occurred as arsenate.
filtered through a 0.45-m membrane filter and acidified to pH Ͻ 2 with concentrated HCl. Arsenic analysis was perArsenic excretion in urine was found to be a linear function of the administered dose and was approximately independent formed by ICP-HG as previously described. swine dosing groups. The UEF of the sodium arsenate (Amacher and Kotuby-Amacher, 1994) . The centrifuge botreference material was 68.0%. The UEF values of 13.4%
tles were placed into a 70ЊC water bath and shaken for 2 h.
for Sample 4 (calcine; Fig. 1A ) and 28.8% for Sample
The bottles were then centrifuged for 10 min at 6000 rpm, and 9 (slag; Fig. 1B) were calculated from three dose groups.
the supernatants were filtered through a 0.45-m membrane
The UEF values for other contaminated soil and media filter. Arsenic analysis was performed by ICP.
were calculated from one dose group. These results are in agreement with results from scanAmmonium Oxalate Extraction (Shuman, 1982) ning electron microscope (SEM)-microprobe analysis Soil (1 g of Ͻ250 m) was placed into a 250-mL polystyrene for calcine-and slag-contaminated media (Samples 1-10) (Shuman, 1982) . The centrifuge bottles were placed into a to 86% with a mean value of 75% (Basta et al., 2001b) . low arsenic bioavailability of the calcinated wastes of Ͻ20% RBA in this study (Samples 1-4, oxides (PbAsO) (Basta et al., 2001b) . Arsenic in the (USEPA, 1986) . Arsenic analysis was performed by ICP.
slag materials associated with Fe oxides ranged from 36 to 72% with a mean value of 57%. Arsenic in Pb oxides Chemically Extracted Arsenic ranged from 18 to 49% with mean value of 33%. Arsenic
Bioavailability Calculations
The standard analysis for soil metal content, including arsenic, during the investigation of the nature and extent of contamination of hazardous waste sites is by hot digestion with HNO 3 and H 2 O 2 according to USEPA SW-846, Method 3050 (USEPA, 1986). The resulting total metal concentration is then used for estimating risks to human health. The realization that probably not all (Ͻ100%) of the total metal measured by complete digestion is bioavailable has led risk assessors to use a fraction (percentage) of total metal that better represents the fraction that is bioavailable in the risk calculation. For our chemically extracted results, bioavailable arsenic is calculated by dividing the arsenic concentration measured by the various chemical speciation extractions by that measured as total arsenic (all on a concentration in soil basis), as described by the following equation:
available As, % ϭ [(extracted As, mg kg Ϫ1 )/ (total As, mg kg
Statistical Methods
Analysis of variance using a randomized complete block design and subsequent separation of means by Duncan's multiple range test (SAS Institute, 1988 ) was used to compare results between soil chemical extraction and in vivo methods. Linear regression was used to determine agreement between soil chemical extraction and in vivo results. Linear regression parameters (slope ϭ 1 and intercept ϭ 0) were evaluated using t tests to determine agreement between methods.
RESULTS AND DISCUSSION In Vivo Relative Bioavailability of Arsenic
In vivo RBAs were determined from calculated urine excretion factors (UEFs) as previously described. All associated with Pb oxide mineralogical forms is considamine hydrochloride, extracts arsenic associated with ered moderate (20-60% RBA) bioavailability (Drexboth the amorphous and crystalline iron oxides. Ammoler, 2000) . nium oxalate extracted between 74 and 11 700 mg kg Ϫ1 of arsenic (Table 3) . To compare the arsenic determined
Chemically Extracted Relative
by soil extraction methods with in vivo bioavailable This trend suggests that most of the arsenic in these was extracted by the deionized water, generally Ͻ5 mg soils is inside the soil mineral matrix and can only be kg Ϫ1 of water-soluble arsenic (Table 3 ). The sodium released when iron oxides and other minerals that ocacetate extractant, which measures the weakly adsorbed clude the arsenic are dissolved by the chemical extractpool of arsenic as well as the water-soluble pool, exant (i.e., ammonium oxalate and hydroxylamine hydrotracted on average 50 times more arsenic than water chloride). Some extractants approach 100% of total (Table 3 ). The phosphate solution extracted a greater arsenic, such as the hydroxylamine hydrochloride or portion of arsenic than the sodium arsenate solution; ammonium oxalate extractant for some of the study results ranged between 70 and 381 mg kg Ϫ1 of arsenic. samples. Much lesser amounts of surficially adsorbed The phosphate-extracted fraction represents some of arsenic were extracted by phosphate and acetate than the strongly (specifically) adsorbed fraction of arsenic as reagents that dissolved mineral forms occluding arsenic well as the water-soluble and weakly adsorbed fractions.
Bioavailability of Arsenic
(ammonium oxalate, hydroxylamine hydrochloride). All of three solutions (water, sodium acetate, and phosVery little of the arsenic was extracted with water phate) extracted adsorbed arsenic to the surface of (Table 3) . Chemical extraction results presented here soil particles.
demonstrate that the amount of arsenic in chemical pools Hydroxylamine hydrochloride, a much more aggreswas: inside mineral matrix Ͼ surficially adsorbed Ͼ wasive extractant that dissolves amorphous Fe and Mn ter soluble. oxide, extracts surficial adsorbed arsenic and some of
The relationship between arsenic extracted by soil the arsenic in the mineral matrix. Substantially more chemical methods and in vivo bioavailable arsenic was arsenic is measured by extraction with hydroxylamine determined by linear regression (Fig. 2) . Three chemical hydrochloride as compared with the extractions by waextractant methods that showed significant linear reter, sodium acetate, and phosphate; results ranged begression coefficients, r values, were water ( Fig. 2A , r ϭ tween 124 and 4421 mg kg Ϫ1 (Table 3) . As proposed by 0.68, significant at the 0.01 probability level), sodium Chao and Zhou (1983), hydroxylamine hydrochloride acetate (Fig. 2B , r ϭ 0.57, significant at the 0.05 probabilextracts arsenic that is associated with amorphous Fe ity level), and hydroxylamine hydrochloride (Fig. 2D , and Mn oxide. As proposed by Shuman (1982) , ammonium oxalate, which is more aggressive than hydroxylr ϭ 0.88, significant at the 0.01 probability level). The strongest relationship between arsenic measured by a available arsenic as measured by immature swine (P Ͻ 0.05). The chemical extractants that dissolve surficially chemical extraction method and in vivo bioavailable arsenic was found for hydroxylamine hydrochloride.
complexed arsenic (phosphate, acetate) extracted less arsenic than the bioavailable arsenic fraction. HydroxylFurther statistical analysis was performed to determine if there were significant differences between the amine hydrochloride and ammonium oxalate extracted arsenic inside the mineral matrix and surfically adsorbed means of the chemically extracted arsenic methods. An analysis of variance was conducted using Duncan's multo mineral surfaces, which was greater than in vivo bioavailable arsenic (Table 4) . Apparently, from the data tiple range test (SAS Institute, 1988) to compare treatment means of chemical extraction methods and in vivo presented, the fraction of arsenic in contaminated soils and solid wastes that is bioavailable is comprised of bioavailable arsenic (Table 4) . Extractant means showed that percent arsenic extracted by soil methods followed arsenic fractions between the surficially complexed (desorbable) arsenic and arsenic inside the mineral matrix the trend: ammonium oxalate, hydroxylamine hydrochloride Ͼ in vivo Ͼ phosphate, acetate Ͼ water. Comassociated with iron oxides. The stomach environment is acidic (pH 1.8) and the human gastrointestinal system parison of extractant means after separating sample media as calcine and noncalcine media produced the same is anaerobic (Malagelada et al., 1976) ; most of the arsenic surficially adsorbed and some of the arsenic inside trend as when all contaminated media were considered together (Table 4) . Furthermore, none of the chemical the mineral matrix of iron oxide are likely to be dissolved in the gastrointestinal system. The amount of extraction methods extracted the same amount of bio- Rodriguez et al. (1999) reported available arsenic
